Background {#Sec1}
==========

The Zika virus (ZIKV) pandemic that has spread out of Brazil recently has become a serious threat to human health. Although this viral vector-born disease was originally considered an African sylvatic zoonosis that caused relatively mild symptoms only, it is now evident that it can result in serious complications, such as neuropathies and teratogenic damage to the developing fetus. Post-infectious sequela such as Guillain-Barré syndrome (GBS) are most likely caused by auto-immune responses of the host, resulting from cross-reacting antibodies, similar to post-infectious GBS that can occur during or following infection of other viral pathogens (e.g. Dengue and Influenza virus \[[@CR1], [@CR2]\]). In contrast, the teratogenic effects that have emerged during the recent ZIKV outbreak in South America, with the majority of cases reported from Brazil, are most likely the result of the virus reaching the developing fetus, and infecting its brain tissue \[[@CR3], [@CR4]\]. Despite high exposure to ZIKV in Africa in the past, resulting in high seropositive rates (e.g. 30% in Nigeria \[[@CR5]\]), birth defects have never been associated with ZIKV infection in this continent. Something has changed, and the genetic makeup of ZIKV may be causing this change.

Since the first discovery of ZIKV in monkeys in Uganda, in 1949, infections in animals and humans have been incidentally recorded from Africa ever since. The virus was imported by unknown route to Asia, where it was first detected in Malaysia in 1969. Few infections have been recorded for the period of 1998 and 2007. In the early 1980s, serological evidence suggested the virus had spread in Asia to at least Malaysia, Indonesia, India, the Philippines, Thailand, and Vietnam (reviewed in \[[@CR6]\]). Clinical cases from those countries from that period were mild, and outbreaks remained limited in size. A large outbreak in 2007 in Yap Island suggested that the virus could spread more rapidly in these island populations. An even larger outbreak in French Polynesia, during 2013--2014, reported at least two cases with severe clinical symptoms: the first case of GBS as well as transmission of the virus from a pregnant patient to her baby \[[@CR7], [@CR8]\]. More details describing an increase in virulence observed with ZIKV infections over time have been previously reviewed \[[@CR6], [@CR9]\]. As the authors of the latter review stated, there were fewer than 20 reported cases of ZIKV infection between 1947 and 2006, but already 333 confirmed cases in the Yap Island outbreak -- since then, numbers have exploded as ZIKV reached Brazil and spread from that country to develop into the current pandemic. The first reports of infection-related birth defects came from Brazil, and this severe complication has since been reported from other countries as well, including the US \[[@CR10]\], often with direct epidemiological links to Brazil, such as travel-associated cases, or sexual intercourse with a traveller.

Not only the clinical manifestations of the virus have changed, its mode of transmission also seems to be changing, as cases caused by sexual transmission are increasing \[[@CR11]\], and the first cases of human-to-human transmission have now been described \[[@CR12], [@CR13]\]. It appears that during the past decade the infectivity of ZIKV increased, resulting in larger outbreaks, and symptoms got more severe, but no evidence of microcephaly has been observed until the virus hit Brazil. The geographic spread, with necessary adaptation to novel host reservoirs, together with novel transmission routes, has imposed severe and multiple bottlenecks on the viral population. Together with the high mutation rate that is typical for RNA viruses, it can be assumed that at least some of the emerging novel characteristics of ZIKV have a genetic basis, driven by evolutionary selective pressures. Indeed, multiple publications \[[@CR9], [@CR14], [@CR15]\] have demonstrated that ZIKV now comprises of three sub-lineages: the original African lineage, the Asian lineage to which the mosquito isolates originating in 1966 in Malaysia, and human isolates from Micronesia, Philippines, Cambodia, Thailand and Singapore belong, and the Brazilian lineage, which includes isolates from French Polynesia (all isolated between 2007 and 2014) and all recent isolates (some publications combine the latter two lineages and describe these collectively as 'Asian').

We searched for published evidence that the virulence of ZIKV has changed during the recent past. There are relatively few studies that have compared recent Brazil-type strains with historical isolates. The latter, when still available, may have undergone multiple passaged through tissue-culture cells or through mice, possibly resulting in an adapted or crippled virus. An in vitro model using brain organoids was used to demonstrate that two ZIKV isolates, from Guatemala and French Polynesia, were able to infect human brain cells \[[@CR16]\]. Although the work was not designed to investigate if there has been a recent increase in ZIKV virulence compared with the original African lineage, differences were observed between the two strains. The question was further addressed using in vitro infection of human astrocytes in which a strain of the African lineage was compared to an isolate from French Polynesia (described as representing the 'Asian lineage') \[[@CR17]\]. Differences were detected between the two strains, with the African isolate resulting in 100 times more viral RNA due to a slower astrocyte's anti-viral response, though both strains produced equal amounts of virus titers \[[@CR17]\]. These results suggest the astrocytes were less well equipped to remove the African strain than the Brazilian strain.

An important study compared three ZIKV isolates: one from Mexico, which we describe here as part of the Brazilian lineage though the authors describe it as 'Asian', one from Cambodia and an isolate belonging to the African lineage \[[@CR18]\]. These virus strains were allowed to infect a cell line derived from human fetal brain-derived neural stem cells. All three ZIKV isolates infected the stem cells equally and resulted in reduced cell proliferation. However, only the isolate from Mexico decreased neuronal differentiation, which can be taken as an important step in the development of a fetal brain \[[@CR18]\]. We acknowledge this as important supportive evidence, in addition to the epidemiological observations, that something in ZIKV has changed since it reached Brazil.

Several research articles have presented possible explanations for the change in virulence that occurred since the virus left Africa, and for the teratogenic effects of ZIKV once it reached South-America. One of the host factors that received a lot of interest in this respect is AXL, which was proposed as the cellular receptor for ZIKV \[[@CR19], [@CR20]\]. However, since it was demonstrated that AXL inactivation does affect viral uptake in cerebral organoids \[[@CR21]\], we did not pursue this direction any further.

The aim of this work was to find genetic evidence of changes in ZIKV that could explain its increased virulence. Our approach was to assess published data suggesting ZIKV lineages differ in virulence, in support to the epidemiological evidence, could be validated by bioinformatics analyses using the largest ZIKV genomes dataset analyzed to date.

Results and discussion {#Sec2}
======================

Mechanistic explanations dependent on immunological characteristics {#Sec3}
-------------------------------------------------------------------

Several mechanistic explanations for the increased virulence of ZIKV infections from Brazil compared to historical cases depend on a role of the immune system, more specifically on the presence of linear or discontinuous epitopes (recognized by antibodies or acting via cellular immunity) that must be conserved in the Asian or Brazilian types of ZIKV but differ from the historical strains from Africa. Such changes in epitopes should be consistently present in amino acid sequence comparisons.

The 138 ZIKV complete proteome sequences that were publicly available at the time of analysis were compared by a phylogenetic tree in Fig. [1](#Fig1){ref-type="fig"}. The proteomes of several members of other species within the *Flaviviridae* family as well as Chikungunya were added for comparison. In Fig. [1](#Fig1){ref-type="fig"}, all ZIKV proteomes formed a distinct cluster, even though the virus immunologically cross-reacts with antibodies against Dengue \[[@CR22]\]. Immunological cross-reactivity between ZIKV and DENV has been discussed in the literature with two opposing effects. T-cell memory resulting from pre-exposure to DENV might (partially) inactivate ZIKV, thus helping the immune system to limit the infection \[[@CR23]\]. It has been shown that antibodies to envelope protein E are less specific for ZIKV and more likely cross-react to DENV or other virus species than antibodies against proteins NS1 or NS5 \[[@CR24], [@CR25]\]. However, this immunological cross-reactivity may actually worsen the infection, via a process named antibody-dependent enhancement \[[@CR22]\]. Although the human population in Brazil might have been pre-exposed to DENV prior to arrival of ZIKV, the same would have been true for people in Asia and Africa (where microcephaly was not observed), while populations in the US, not frequently pre-exposed to DENV, nevertheless suffer from an increased risk of birth defects as a result of ZIKV infection. Thus, even if antibody-dependent enhancement plays a role in ZIKV infection, it does not explain the observed teratogenic effects \[[@CR10]\].Fig. 1Comparison of Zika, Spondweni, Dengue, Japanese encephalitis, Kedougou, St. Louis encephalitis, West Nile, Yellow fever, and Chikungunya proteomes. Several complete proteomes were included for each species in the family *Flaviviridae* and for the species Chikungunya except for Zika virus for which all proteomes available were included. The sublineages are colored with African (cyan) and Brazilian (red). The tree is an unscaled maximum likelihood tree of complete proteomes

Cellular immune responses that are important to combat viral infections require the activity of CD8^+^ T-cells. Cross-reactivity of these cells to ZIKV and DENV epitopes was demonstrated in mouse experiments \[[@CR26]\]. During pregnancy, the CD8^+^ T-cell response is weakened, at least in mice, which may enhance the chance the virus reaches the fetuses \[[@CR27]\]. It is possible that this also occurs in humans.

Epitopes for MHC class I peptides have been predicted in silico \[[@CR28], [@CR29]\]. We checked if the four predicted epitopes identified in \[[@CR28]\] (all in protein E) are conserved. Epitope YRIMLSVHG is nearly completely conserved in all ZIKV genomes (only one mismatch in a Senegal 2001 isolate (KF383118)), but it is positioned close to a glycosylation site, which may not be favorable. Epitope VLIFLSTAV, located at the C-terminal end of protein E, is specific for the Brazilian/Asian isolates. The other two epitopes (MMLELDPPF and GLDFSDLYY) are conserved in all ZIKV genomes. Only the latter was detected by the more extensive in silico epitope prediction \[[@CR29]\], which resulted in 49 predicted B-cell epitopes, of which 21 were located in protein E, 6 in NS3 and 22 in NS5. Compared to \[[@CR28]\], two epitopes (partly) overlapped: Y*RIMLSVHG*SQ and GLD*FSDLYY*LTM (overlap in italics). Mirza et al. also scored proteins for locations with high surface accessibility, surface flexibility and hydrophilicity (all by means of amino acid sequence predictions), but these findings were not related to the predicted epitopes. Thirty epitopes were predicted for T-cells (10 in protein E, 5 in NS3 and 15 in NS5) \[[@CR29]\]. Discontinuous epitopes were also predicted but this just resulted in a long list of single amino acids in proteins E, NS3 and NS5, which isn't very helpful for vaccine development. Three of the predicted T-cell epitopes in protein E were proposed to have strong binding capacity: MAEVRSYCY, FSDLYYLTM, and TMNNKHWLV. We checked how strongly conserved these are; the first is not conserved in isolates from Guatemala and for the last there are mismatches in at least two genomes, but the middle one is 100% conserved.

Did ZIKV undergo recombination resulting in increased virulence? {#Sec4}
----------------------------------------------------------------

Since ZIKV shares the mosquito host with a number of other flavivirus species, it is in principle possible that recombinations have taken place between the viral RNA genomes of different species, although Musso and Gubler considered this an unlikely scenario \[[@CR9]\]. Recombinations have been proposed by at least two research groups to explain the increase in ZIKV virulence \[[@CR30], [@CR31]\]. Faye et al. concluded from a comparison of 43 ZIKV genomes including the African lineage and isolates from Malaysia and Micronesia, that the virus had undergone several recombinations during its stay in Senegal and Côte d'Ivoire \[[@CR30]\]. Han et al. concluded, after comparing 32 genomes, that recombination may have taken place in Brazilian strains, as some parts of their genome resembled isolates from Suriname and others French Polynesian isolates \[[@CR31]\].

We used the DNA sequences of the 196 ZIKV genomes to analyze for evidence of recombination. This confirmed the findings by Faye et al. \[[@CR30]\], that five genomes belonging to the African lineage were potential recombinants, with parental strains also from that lineage, as summarized in Additional file [1](#MOESM1){ref-type="media"}: Table S1. However, we could not detect recombination events within or between Asian and Brazilian lineages. From this we conclude that recombination events have not resulted in genetic changes that increased the virulence of ZIKV.

Did positive selection result in genetic variants with increased virulence? {#Sec5}
---------------------------------------------------------------------------

Several publications have produced phylogenetic trees that clearly separated the African from the Asian lineage, and further placed the Brazilian lineage as offspring of the Asian lineage \[[@CR9], [@CR14], [@CR15], [@CR32]\]. These observations were used to postulate that particular genetic variants might have been under positive selection, and thus be enriched in viral populations \[[@CR14], [@CR15], [@CR32]\]. Based on analysis of 33 ZIKV genomes, it was questioned if the Brazilian lineage was truly derived from the Asian lineage \[[@CR33]\]. Such conclusions must be weighed against the natural variation occurring in the viral population, and observations become more accurate with larger datasets.

We produced a phylogenetic tree of 196 ZIKV complete coding sequences (Fig. [2](#Fig2){ref-type="fig"}). The tree identified three main events: Event I separates all African Zika genomes from the rest. Event II splits off four 1966 Malaysian isolates and all African Zika genomes from the rest. Event III separates a large cluster containing all French Polynesia isolates, all Brazil 2015--2016 isolates plus all other recent isolates from countries to where the virus has spread since.Fig. 2Maximum likelihood tree of 196 ZIKV complete coding DNA sequences. The tree was rooted by root-to-tip regression analysis, meaning that the branch length is most correlated with isolation date under the assumption of a strict molecular clock (correlation = 0.95). Three evolutionary events indicated with Event I, II, and III (with 100% bootstrap support, data not shown) were examined for adaptive evolution. The African and Asian lineages are color shaded. A version of the tree with branch labels is presented as Additional file [2](#MOESM2){ref-type="media"}: Figure S1

Non-synonymous mutations were analyzed to determine whether such changes were the result of adaptive evolution, using the branch-site model implemented in PAML \[[@CR34]\] that has been used previously \[[@CR15]\]. Our analysis focused on the three lineages noted by Events I, II, and III in Fig. [2](#Fig2){ref-type="fig"}, and the results are presented in Table [1](#Tab1){ref-type="table"}. For these key Events, not a single gene was subject to statistically significant positive selection. In our larger dataset, the three amino acid positions in proteins NS4B and the two in NS5 that were previously reported to be under positive selection \[[@CR15]\] were not statistically significant.Table 1Adaptive evolution analysis.ProteinReference proteinResidue in the Event I, II, and IIIProbability (ω \> 1)AccessionSiteBefore Event IAfter Event IAfter Event IIAfter Event IIICYP_009227206R101RKKK0.508I110IVVV0.519NS2AYP_009227200V208I(12), V(3)LLL0.578pre-MYP_009227197V31VVMM0.572NS2AYP_009227200A143AAVV0.621NS4BYP_009227204L49LLFF0.603V184VVII0.629L186LLSS0.841NS5YP_009227205S703SSDD0.941pre-MYP_009227197S17SSSN0.696The branch-site model was performed with the pre-specified lineages noted by Events I, II, and III in Fig. [2](#Fig2){ref-type="fig"}. The positions are inferred from the proteins of reference genome strain MR 766 (NC_012532), for which the accession numbers are specified. For the site V208 in NS2A, two amino acid letters were observed before Event I, and numbers in parenthesis indicate their occurrence

The table reports all sites under positive selection whose posterior probability of ω \>1 is at least over 0·5 where ω is the ratio of non-synonymous rate to synonymous rate. The A148P mutation in pre-M previously noticed \[[@CR32]\] was not found under positive selection in our analysis, and although those authors noticed relative high variability in pre-M, the substitution we identified was not scored in their analysis of 41 genomes \[[@CR32]\]. Mutation analysis of ZIKV is most interesting for mutations that would induce changes in N-linked glycosylation sites in envelope protein E, but these were not found. Our results contrast to previously reported findings that position 154 of protein E was N-glycosylated in the Brazilian lineage \[[@CR9]\]. We observed that the correlation is not that strong, as only five of the 25 African genomes lack this N154. In fact, our analysis did not identify any positive selection for protein E. This is unexpected, since this surface protein is considered to be under immune-selection during infection. However, we identified ten amino acid residues that were indicative of adaptive evolution: two in the protein C, two in pre-protein M, and six in non-structural proteins by model M8 (described in the [Method](#Sec9){ref-type="sec"} section). In accordance with an analysis based on 46 genomes \[[@CR35]\], our data report far fewer mutations under positive selection in the Brazilian lineage than have previously been reported \[[@CR14]\]. Our findings are more conservative because they only report substitutions beyond the probability threshold of the applied model.

A publication in 2017 described a T233A mutation in protein NS1 in an isolate from a neuropathy case \[[@CR36]\]. However, this mutation is not conserved in the Brazilian lineage and is found only once in our dataset. It is unlikely to have been responsible for all neuropathy cases described so far.

We further analyzed the predictive effect of the positively selected amino acid change in NS5, the RNA-dependent RNA polymerase, by analyzing its Pfam domain. The mutation resulted in an improved match to the PfamA domain PF00972. This could result in an increase in its enzyme activity (which is only a hypothesis at this stage). If that hypothesis proves to be correct, it could potentially result in more rapid production of positive-strand RNA copies, and this would exponentially increase the number of negative strand genome replicates, which are typically produced in 10 times excess compared to the positive strand. In this context, it is interesting to note that ZIKV strains of the Brazilian lineage have been shown to replicate faster in vitro \[[@CR37]\].

Is RNA degradation impaired in infected cells? {#Sec6}
----------------------------------------------

A different mechanistic explanation was proposed, namely that the RNA genome of ZIKV could be unusually resistant to degradation in the infected cell \[[@CR38]\]. If viral RNA fragments could resist exonuclease degradation, this would dysregulate RNA degradation in the cell. The authors observed that ZIKV RNA folding increased resistance to RNAse Xrn1 \[[@CR38]\]. However, the sequence they propose to be responsible for this resistance is 100% conserved in our complete dataset (for those genomes that recorded the non-coding 3′-end of the genome), so the observation doesn't explain why virulence of ZIKV has increased over time, or why the Brazilian lineage in particular causes microcephaly.

Has ZIKV adapted to new hosts? {#Sec7}
------------------------------

In a recent review, two possible mechanisms responsible for the recent ZIKV pandemic were discussed: "(i) evolution for enhanced urban transmission via adaptation to mosquito vectors, or for enhanced human infection to increase amplification, or (ii) the stochastic introduction of ZIKV into large, naive human populations in regions with abundant *Aedes aegypti* populations, leading to enough rare, severe infection outcomes for their first recognition." \[[@CR39]\]. Since viral adaptation will leave recognizable traces in the viral genome, we tried to validate the first proposed mechanism by bioinformatics analysis.

For a start, it has been suggested that Retinoic Acid Response Element (RARE) sequences present in the ZIKV genome would upset the neural development of infected fetal cells \[[@CR40]\]. This sequence is the response element of retinoic acid, an early neural tube developmental marker. The authors determined that 17 ZIKV genomes contained between 2 and 4 copies of this RARE element, with members of the Brazilian lineage containing 4 copies. However, the authors only searched for the element in the RNA sequence of the virus \[[@CR40]\], while the mechanistic explanation they provide would also apply to the cDNA produced in an infected cell. We therefore searched to determine the presence of RARE sequences in both strands. This changed the numbers some, as we observed 4 to 5 copies in isolates of the African lineage, 5 to 7 copies in the Asian lineages and 6 to 7 copies in the Brazilian lineage, but it confirmed the tendency of increasing RARE elements in the more virulent Brazilian lineage.

We next investigated tetramers, since it has been observed that viruses adapt their genomes according to the host in which their main population propagates, and such adaptation can be visualized by the frequency of tetramers \[[@CR41]\]. K-mer analysis with K values from 1 to 10 was applied to seek for patterns; the results are summarized in Additional file [3](#MOESM3){ref-type="media"}: Table S2. This revealed no difference in frequency of dimer, trimer or tetramer frequency between genomes of the African and Asian lineages, but differences between the African and Brazilians lineages, and (with the exception of dimers) between Asian and Brazilian genomes were observed. The lack of a significant difference between the African and Asian genomes was further apparent for hexamers. This is probably due to codon usage constraints, which (when in coding regions and in frame) overlap with trimer frequency. Indeed, when codon usage was compared (Fig. [3a](#Fig3){ref-type="fig"}), minor differences were identified between the three lineages, resulting at the protein level in a slight though significant increase in the usage of serine (Fig. [3b](#Fig3){ref-type="fig"}) (*p*-value of 6e-13), and a small decrease in valine (*p*-value of 4e-13).Fig. 3Codon usage (**a**) and amino acid usage (**b**) of the African (blue), Asian (red) and Brazilian (green) ZIKV lineages

Adaptation of codon usage in the ZIKV lineages has been described by others \[[@CR42], [@CR43]\]. However those analyses included fewer genomes (31 and, 46 respectively). Wang and colleagues \[[@CR43]\] concluded that codon usage within ZIKV was shaped to fit the human host more than the mosquito vector (other hosts were not considered). Since the larger dataset analysed here identifies only minor differences between the various lineages (Fig. [3a](#Fig3){ref-type="fig"}), such adaptation cannot be responsible for the observed increase in virulence.

Tetramers are the shortest oligomers that are not strongly affected by codon usage preferences. The ratio of observed over expected tetramer frequency of all ZIKV genomes was compared to seek for evidence of genome adaptation over time. For this, expected frequencies were derived using the second order Markov model described in \[[@CR44]\]. The results (shown in Additional file [4](#MOESM4){ref-type="media"}: Figure S2) show that that the tetramer frequency varied considerably between, but not within groups representing the different historical and geographical clusters of the phylogenetic tree. This is most likely due to viral adaptation to different sylvatic or vector hosts, which may vary between countries and continents. However, the French Polynesia/China cluster together with the Brazilian cluster report more or less constant tetramer frequencies, indicating that since then, the main viral population has adapted to propagation in a limited and constant range of hosts.

Figure [4](#Fig4){ref-type="fig"} shows a heatmap of the tetramer frequency, visualizing that genomes of to the Brazilian lineage are quite different to African strains, and somewhat closer to the Asian cluster, in agreement with their phylogenetic relationship. For this analysis, isolates from French Polynesia and China that clustered closely in Fig. [2](#Fig2){ref-type="fig"} were separately analysed. The similarity in tetramer frequency between this group and the Brazilian lineage is striking, and indicates that the adaptation process occurred in French Polynesia. This dating fits with an estimate that the Brazilian lineage arose between 2011 and 2013 \[[@CR14], [@CR35]\], and suggests that the change in tetramer frequencies must have occurred rapidly.Fig. 4Heatmap showing the relationship of the African, Asian and Brazilian lineages based on the average observed frequencies of tetramers. In this analysis, isolates from French Polynesia and China, which all clustered together in Fig. [2](#Fig2){ref-type="fig"}, are analysed separately, labelled with FP/China

The differences between African, Asian, and Brazilian lineages were further compared based on Zika protein property predictions, to evaluate their impact on protein function. No noticeable changes between African, Asian, and Brazilian lineages were observed in predicted protease cleavage, glycosylation sites, signal peptides or transmembrane domains. The positively selected mutations in NS4B (summarized in Table [1](#Tab1){ref-type="table"}) only marginally influenced scores for Pfam domain PF01349 that may impact its function. Within the African and Brazilian lineages, phosphorylation sites of individual proteomes were strongly conserved (data not shown). However, remarkable changes were noted in phosphorylation sites between these lineages in proteins NS4B, C, E, NS3 and NS5 in Fig. [5](#Fig5){ref-type="fig"}. For example, the African lineage has a total of 11 conserved amino acid residues in NS4B reaching phosphorylation site scores above the threshold (5 Serine, 5 Threonine, and 1 Tyrosine, of which 3 resulted in high scores of \>0.8), while the Brazilian lineage had 14 conserved sites where the three of them are novel Serine (S) phosphorylation sites and one of novel sites was also identified by the positive selection analysis (L186S, Table [1](#Tab1){ref-type="table"}). Another (N11S) produced an additional putative phosphorylation site in the N-terminus of NS4B, while Leucine to Phenylalanine change at position 49 resulted in a higher score for neighboring Threonine (T47). These observations are relevant in view of the in vitro observation that Zika protein NS4B (together with NS4A) induces autophagy in fetal neural stem cells, due to inhibition of Akt-mTOR signaling \[[@CR45]\]. The phosphorylation site analysis of all ZIKV proteins combined identified loss of 2 phosphorylation sites but 14 sites were novel phosphorylation sites in the Brazilian lineage (summarized in Table [2](#Tab2){ref-type="table"}). As a result, the proteins of ZIKV isolates belonging to the Brazilian lineage are likely to be stronger phosphorylated than the corresponding proteins of the African lineage. The analysis was refined by comparing Brazilian strains with the four Malaysian 1966 strains (Asian1) and the other Asian strains (Asian2). The Malaysian strains differed in 6 positions, having 1 extra and 5 fewer phosphorylation sites compared to the Brazilian strains (Table [2](#Tab2){ref-type="table"}). However, there were no differences between Brazilian and Asian strains excluding the Malaysia isolates in terms of novel phosphorylation sites (Table [2](#Tab2){ref-type="table"}). Of note is the increase in phosphorylation sites in NS5, which is not only the largest protein of ZIKV but also underwent the most extensive changes in phosphorylation sites: 1 site as lost and 4 were added as the African lineage evolved in the Brazilian lineage, with the Asian1 strains in between. Whether these changes in phosphorylation sites affected the activity of this enzyme remains to be assessed.Fig. 5Predicted phosphorylation scores above the threshold of 0.6 for amino acid residues in Zika proteins. For each protein, phosphorylation scores above the threshold of 0.6 for amino acid residues Serine (red), Threonine (green) and Tyrosine (blue) are shown. Changes in scores between the African and Brazilian lineages are shown as black filled columns (additional or higher-score phosphorylation sites present in Brazilian lineage) and asterisks (sites which resulted in a decreased phosphorylation score in Brazilian lineage compared to African lineage proteins) Table 2Novel phosphorylation sitesCMENS1NS2ANS2BNS3NS4ANS4BNS5African-Brazilian0:20:01:30:00:00:00:20:00:31:4Asian1-Brazilian0:00:00:10:00:00:00:00:00:21:2Asian2-Brazilian0:00:00:00:00:00:00:00:00:00:0The phosphorylation sites with scores \>0.6 were only considered. The Asian1 group consists of four Malaysia 1966 isolates, and the Asian2 consists of the rest of isolates from the Asian lineage

That amino acid changes have added phosphorylation sites or increased the likelihood of phosphorylation the proteins of Brazilian strains is an important finding, and we believe this could have significant effects in neural cells. The demonstration in vitro of neurogenesis inhibition and induced autophagy by Zika infection on isolated fetal neural stem cells would provide a likely mechanism for neuropathy \[[@CR45]\]. In particular, proteins NS4A and NS4B were reported to be responsible for inhibition of Akt-mTOR signaling, which is essential for neurogenesis, by reducing Akt phosphorylation. Moreover, NS4A/NS4B induced autophagy, which promotes viral replication, by reducing mTOR phosphorylation. Thus, we hypothesize that increased phosphorylation of NS4B and possibly other ZIKV proteins in the Brazilian lineage contributed to the pathophysiology in neural tissue.

Conclusions {#Sec8}
===========

After evaluating a number of proposed mechanistic explanations for the increased virulence and recent teratogenic and neuropathological effects of ZIKV, a number of these can be rejected, based on non-consistent observations in the largest ZIKV genome set analyzed to date. A number of observations remain valid that, possibly in combination, might be responsible for the observed disease characteristics of what once seemed to be a mild infection. Notably, the increase in RARE sequences present in the ZIKV genomes of the Brazilian lineage, their tetramer adaptation to fit a narrower host range of mosquitoes and humans, and positively selected mutations in protein NS5 may have resulted in a viral population that is better equipped to replicate in the human host. In addition, mutations in NS4B may result in higher phosphorylation status of viral proteins, upsetting Akt-mTOR signaling in infected fetal neural cells. The combination of these features may be at the basis of the accumulatively changed characteristics of ZIKV since it left Micronesia.

Methods {#Sec9}
=======

*Flavivirus* and *Chikungunya* complete proteomes {#Sec10}
-------------------------------------------------

For comparative proteome analysis of *Flavivirus* members, all available complete proteomes were downloaded from GenBank on July 1, 2016 that resulted in 3300 Dengue fever virus (DENV) complete proteomes, 183 Japanese encephalitis, 9 St. Louis encephalitis, 1014 West Nile, 122 Yellow fever, one Kedougou and one Spondweni virus proteomes. Complete proteomes of Chikungunya virus (an Alpha virus belonging to the *Togaviridae* family) were added since this virus produces similar clinical features to ZIKV. To reduce computational costs, we randomly choose four members for each species except for ZIKV for which all proteomes (138 unique ZIKV proteomes) available were included. We parsed the protein sequences from each GenBank file and concatenated these to generate a complete proteome. We aligned complete proteomes using MUSCLE \[[@CR46]\], and then built the maximum-likelihood tree shown in Fig. [1](#Fig1){ref-type="fig"} using RAxML \[[@CR47]\], automatically testing models with and without empirical base frequencies.

Zika virus complete coding sequences {#Sec11}
------------------------------------

A total of 202 ZIKV complete coding sequences available from the Virus Variation database at NCBI on March 16, 2017 were downloaded. Among them, 196 ZIKV complete coding sequences were chosen based on their quality defined by lack of bases not being A, T, G, and C. As metadata we recorded the isolation year, not the date when isolates had been sequenced, and, in case of travel-associated cases, the country of presumed infection. We aligned complete coding sequences using MUSCLE \[[@CR46]\], and then built the maximum-likelihood tree using FastTree \[[@CR48]\] shown in Fig. [2](#Fig2){ref-type="fig"}, where the tree was rooted based on a root-to-tip regression analysis \[[@CR49]\] with dated tips that branch length from the root is most compatible with the assumption of a strict molecular clock.

Recombination analysis {#Sec12}
----------------------

The recombination detection program RDP4 \[[@CR50]\] was used with default settings (window size: 30 bp). Recombination events, which refer to the formation of chimeric sequences from parent genomes, were inferred by seven independent methods: RDP, GENECONV, BootScan, MaxChi, Chimaera, SiScan, and 3Seq, all implemented in RDP4.

Adaptive evolution analysis {#Sec13}
---------------------------

Positive selection analysis was performed with the branch-site model, using the application codeml implemented in PAML \[[@CR34]\]. First, ten mature peptides were inferred from multiple sequence alignment of Zika complete coding sequences based on the annotation of the reference genome (NC_012532). For each protein gene, we then generated a non-redundant dataset of coding sequences creating a non-redundant dataset of 46 sequences for gene C, 66 for M, 117 for E, 94 for NS1, 88 for NS2A, 53 for NS2B, 115 for NS3, 49 for NS4A, 23 for 2 K, 85 for NS4B, and 147 for NS5. A multiple alignment of nucleotide sequences was produced, guided by amino acid information using TranslatorX \[[@CR51]\] for each gene. Next, with the non-redundant dataset of each gene, a phylogenetic tree was constructed based on amino acid guided nucleotide sequence alignment using PhyML \[[@CR52]\] with the best-fit model identified by jModelTest \[[@CR53]\]. For sites under positive selection in the specified lineages (noted by Event I, II, and III on the tree in Fig. [2](#Fig2){ref-type="fig"}), we employed null and alternative models defined in the branch-site model A implemented in codeml \[[@CR34]\]. We compared the alternative model against the null model by means of a likelihood-ratio test (LRT) and calculated the *p*-value under Chi-square distribution for each gene. Not a single gene was identified with a p-value of LRT statistic \<0.05. However, we recorded those amino acid positions with ω \>1 whose posterior probability, as calculated by the Bayes Empirical Bayes (BEB) method, is at least over 0.5. However, trees of genes M and C resulted in a different tree topology compared to the tree in Fig. [2](#Fig2){ref-type="fig"}: for example, Malaysia isolates were positioned inside the Brazilian lineage. In such a case (Event III for gene C, Event II and III for gene M), we alternatively performed positive selection analysis with a tree generated with an alignment of complete coding sequences for a non-redundant dataset. Also, the multiple sequence alignment of gene NS5 (147 NS5 sequences and 2709 sites) was too large to run codeml in a timely manner on the available hardware so that we used an alternative dataset of 82 NS5 sequences.

Protein properties analysis {#Sec14}
---------------------------

Functional domain(s) were identified through the PFAM databases \[[@CR54]\] using gathering cut-off. Trans-membrane region(s) were identified by TMHMM v2.0 \[[@CR55]\]. For signal peptide identification SignalP v4.1 \[[@CR56]\] was used. Glycosylation site(s) were identified by NetNGlyc v1.0 \[[@CR57]\] and by NetOGlyc v4.0 \[[@CR58]\]. Phosphorylation scores were calculated by NetPhos v3.1 \[[@CR59]\]. Cleavage sites of the polyprotein were reported according to \[[@CR60]\].
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Additional file 1: Table S1.Recombination analysis. The recombination events detected by RDP4 with default setting are listed, ordered for decreased consensus level of results obtained with seven different methods: R (RDP), G (GENECONV), B (BootScan), M (MaxChi), C (Chimaera), S (SiScan), T (3Seq). '+' means detected, and '-' not detected by the method. (DOCX 32 kb) Additional file 2: Figure S1.Maximum likelihood tree of 196 ZIKV complete coding sequences. The tree was rooted by root-to-tip regression analysis, meaning that the location is most compatible with the assumption of a strict molecular clock (correlation = 0.95). The branches are labeled with accession number, host species (African and Asian lineage only), country and collection year of isolation. All isolates in the Brazil lineage were from humans with the exception of 14 USA isolates (KY075938, KY014324, KX838904, KY075939, KY014323, KX838905, KY075937, KY014322, KX838906, KX922708, KY014322, KX838906, KX922708, KY014299) and two Mexican isolates (KX446950, KX446951), which were isolated from *Aedes* mosquitoes. (DOCX 58 kb) Additional file 3: Table S2.K-mer analysis for the three ZIKV lineages. The *p*-values, calculated by one-sample Wilcoxon test, are given for pairs of lineages. (DOCX 30 kb) Additional file 4: Figure S2.Ratio of observed over expected tetranucleotide frequency in ZIKV genomes in historical isolates up to 2014 (top) and from the French Polynesian outbreak and onwards (bottom). The genomes are ordered according to their position in the phylogenetic tree, with clusters separated by dotted lines. A few individual genomes are listed below the panels for reference. The last two genomes belonging to the Asian lineage 2010--2014 shown in the top panel (far right) are repeated in the lower panel (far left). The tetranucleotide with the highest and lowest frequency in the Brazil lineage are shown by bold orange (TAAT) and red (TATC) lines, respectively. (DOCX 378 kb)
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